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Abstract 21 
Immunochemical assays constitute complementary analytical methods for small organic 22 
molecule determination. We herein describe the characterization and optimization of two 23 
competitive enzyme-linked immunosorbent assays in different formats using monoclonal 24 
antibodies to the Quinone outside inhibitor (QoI) fungicide trifloxystrobin. Antibody 25 
selectivity was evaluated using a variety of agrochemicals and the main trifloxystrobin 26 
metabolite. Acceptable tolerance of the immunoassay to methanol, ethanol, and 27 
acetonitrile was observed in all cases, whereas a dissimilar influence of buffer pH and ionic 28 
strength was found. Moreover, the influence of Tween 20 over the analytical parameters 29 
was studied. The limits of detection of the optimized assays were below 0.1 µg L−1. 30 
Excellent recoveries, even at 10 µg kg−1, were obtained when strawberry, tomato, and 31 
cucumber samples spiked with trifloxystrobin were analyzed. Finally, statistical agreement 32 
was found between immunoassay and reference chromatographic results using blind-33 
spiked and in-field treated samples. 34 
  35 
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1. Introduction 36 
Trifloxystrobin is a modern agrochemical exhibiting rapid and potent fungicidal 37 
activity and possessing a particular mode of action that confers much lower toxicity to 38 
humans and the environment than other traditional antimycotic substances. Due to this 39 
fact, its use has rapidly grown after it was introduced in the market in the late 1990s – 40 
global sales reached 450 M€ in 2010 (Bayer, 2010). Trifloxystrobin belongs to the 41 
strobilurin family of new-generation agrochemicals. It has been registered in more than 80 42 
countries, and nowadays it is commercialized by Bayer CropScience under different trade 43 
names (Flint, Delaro, Madison, etc.) as the only active ingredient or formulated together 44 
with other fungicides. Although some cases of natural or acquired resistance of fungal 45 
pathogens like Ventura inaequalis or Fusarium graminearum towards trifloxystrobin have 46 
been recently reported (Frederick & Cox, 2012; Dubos, Pasquali, Pogoda, Hoffmann, & 47 
Beyer, 2011), trifloxystrobin is widely employed to fight fungal diseases in a variety of 48 
crops such as cereals, strawberries, oranges, grapes, tomatoes, cucumbers, etc. 49 
Metabolism in plants is low but complex, with the demethylated derivative being the most 50 
relevant metabolite (Fig. 1), yet trifloxystrobin accounts for more than 95% of the residue. 51 
Consequently, most regulatory agencies just include the pesticide itself as the only 52 
analytical target in samples from plant origin, even though particular legislations also take 53 
into account the demethylated metabolite (Health Canada, 2012 ). In the EU, 54 
trifloxystrobin was approved as low risk active substance for plant protection in 2003. 55 
European and US maximum residue limits (MRL) for trifloxystrobin range from 0.05 to 30 56 
mg kg−1 in authorized crops. According to the 2010 EU report on pesticide residues in food 57 
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(EFSA, 2013), this fungicide was one of the most frequently found pesticides – between 58 
2% and 5% of the analyzed food samples contained trifloxystrobin residues at or below 59 
the MRL – and it was among the most common combinations in samples with multiple 60 
residues. 61 
During the last decade, an effort has been put in order to develop analytical methods 62 
for trifloxystrobin analysis in foodstuffs. The first approach was described in 2002 and 63 
comprised liquid chromatography coupled to tandem mass spectrometry (MS) with 64 
electrospray ionization (Taylor, Hunter, Hunter, Lindsay, & Le Bouhellec, 2002). Recently, 65 
multiresidue analysis including trifloxystrobin was addressed by high-performance liquid 66 
chromatography (HPLC) or gas chromatography (GC) with different detection systems 67 
(Abreu, Correia, Herbert, Santos, & Alves, 2005; Campillo, Vinas, Aguinaga, Ferez, & 68 
Hernandez-Cordoba, 2010; Likas, Tsiropoulos, & Miliadis, 2007; Mastovska, Dorweiler, 69 
Lehotay, Wegscheid, & Szpylka, 2010; Sannino, Bolzoni, & Bandini, 2004; Schurek, 70 
Vaclavik, Hooijerink, Lacina, Poustka, Sharman, et al., 2008). Alternatively, for low cost, in-71 
situ, and/or rapid applications in samples with limited number of target analytes, 72 
immunochemical methods can be an attractive strategy. As the first approach, most 73 
research laboratories preferentially use the competitive enzyme-linked immunosorbent 74 
assay (cELISA) because of the high analytical capacity and simplicity for standardization. 75 
Depending on the immobilized reagent and on the enzymatic detection step, two main 76 
formats are usually configured; that is, the antibody-coated direct cELISA and the 77 
conjugate-coated indirect cELISA (d-cELISA and i-cELISA, respectively). Immunochemical 78 
methods enabling the sensitive determination of some strobilurin fungicides in foodstuff 79 
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have been recently reported by our group (Esteve-Turrillas, Mercader, Agullo, Abad-80 
Somovilla, & Abad-Fuentes, 2011; Esteve-Turrillas, Parra, Abad-Fuentes, Agullo, Abad-81 
Somovilla, & Mercader, 2010; Josep V. Mercader, Parra, Esteve-Turrillas, Agulló, Abad-82 
Somovilla, & Abad-Fuentes, 2012). In this paper, the development of novel monoclonal 83 
antibody-based immunoassays with different selectivity and in different cELISA formats is 84 
reported. Furthermore, a validation study was undertaken using blind and in-field treated 85 
samples, and statistical agreement with GC–MS was assessed. To the best of our 86 
knowledge, the determination of trifloxystrobin in food samples by immunoassay is herein 87 
reported for the first time. 88 
2. Experimental 89 
2.1. Reagents and instruments 90 
Trifloxystrobin (CAS Registry No. 141517-21-7, Mw 408.13) analytical standard was 91 
kindly provided by Bayer CropScience (Leverkusen, Germany). Other pesticide standards 92 
were obtained from BASF (Limburgerhof, Germany), Fluka/Riedel-de-Haën (Seelze, 93 
Germany), Dr. Ehrenstorfer (Augsburg, Germany), or Syngenta (Basel, Switzerland). 94 
Triphenylphosphate was from Sigma/Aldrich (Madrid, Spain). Primary/secondary amine 95 
and solvents were from Scharlab (Barcelona, Spain). Enzyme immunoassays were 96 
performed using regular reagents, buffers, and plastic ware as reported in the preceding 97 
paper (López-Moreno, Mercader, Agulló, Abad-Somovilla, & Abad-Fuentes, 2013). The 98 
employed monoclonal antibodies (mAbs) and protein–hapten conjugates were those 99 
described in previous articles (López-Moreno, Mercader, Agulló, Abad-Somovilla, & Abad-100 
Fuentes, 2013; J. V. Mercader, Suarez-Pantaleon, Agullo, Abad-Somovilla, & Abad-Fuentes, 101 
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2008). Peroxidase conjugate to rabbit anti-mouse immunoglobulin polyclonal antibody 102 
was from Dako (Glostrup, Denmark). Microplate wells were washed with an ELx405 103 
microplate washer and absorbances were read with a PowerWave HT, both from BioTek 104 
Instruments (Winooski, VT, USA).  105 
2.2. Competitive ELISAs 106 
Eight-point standard curves, including a blank, were prepared in borosilicate glass 107 
tubes by 10-fold serial dilution in PBS (10 mM phosphate, pH 7.4 containing 140 mM 108 
NaCl), starting from a 100 µg L−1 trifloxystrobin solution in PBS. Experimental values were 109 
fitted using the SigmaPlot software (Systat Software Inc., Chicago, IL, USA) to a four-110 
parameter logistic equation:  111 
y = (Amax−Amin)/[1+(x/C)
B]+Amin 112 
were Amax is the absorbance reached in the absence of analyte, Amin is the background 113 
signal, C is the analyte concentration at the inflexion point of the sigmoidal curve, and B is 114 
the slope at the inflexion point. 115 
For assay characterization, the concentration of trifloxystrobin that was necessary to 116 
induce a 50% inhibition of the antibody–conjugate reaction (IC50) was taken as a 117 
reference. The analyte concentration that inhibited 10% (IC10) the immunochemical 118 
reaction was considered as the limit of detection (LOD) of the assay. Curves were 119 
normalized and average values were calculated from independent experiments. Cross-120 
reactivity (CR) was calculated as percentage value from the quotient between the IC50 for 121 
trifloxystrobin and the IC50 for the studied compound, both in molar concentration units.  122 
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2.2.1. Antibody-coated direct cELISA 123 
 Microwells were coated with 100 µL per well of antibody solution in coating buffer 124 
(50 mM carbonate, pH 9.6) by overnight incubation at room temperature. Next day, plates 125 
were washed four times with washing solution (150 mM NaCl containing 0.05% (v/v) 126 
Tween 20). The competitive step was run with 50 µL per well of analyte or sample solution 127 
in PBS and 50 µL per well of enzyme tracer solution in PBST (PBS containing 0.05% (v/v) 128 
Tween 20). After 1 h incubation at room temperature, plates were washed again as 129 
described before. Finally, signal was generated with 100 µL per well of a 0.012% (v/v) H2O2 130 
and 2 mg mL−1 of o-phenylenediamine solution in 25 mM sodium citrate and 62 mM 131 
sodium phosphate buffer, pH 5.4. The enzymatic activity was stopped after 10 min with 132 
2.5 M sulfuric acid. Absorbance was spectrophotometrically measured at 492 nm with 650 133 
nm as a reference wavelength. 134 
2.2.2. Conjugate-coated indirect cELISA 135 
 Coating was performed overnight at room temperature with 100 µL per well of 136 
OVA conjugate solution in coating buffer. Then, coated microwells were washed as 137 
previously described. Competition was done with 50 µL per well of analyte or sample 138 
solution in PBS and 50 µL per well of antibody solution in PBST by incubation at room 139 
temperature during 1 h. After another washing step, 100 µL per well of enzyme-labeled 140 
secondary antibody (diluted 1/2000) in PBST was added and incubated during 1 h at room 141 
temperature. Finally, plates were washed and signal was generated and read as indicated 142 
above.   143 
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2.3. Buffer evaluation and solvent tolerance 144 
A biparametric approach with a central composite design was followed using the 145 
Minitab software (Minitab Inc., State College, PA, USA). Trifloxystrobin was prepared in 146 
Milli-Q water, and antibody or tracer solutions were diluted in a series of nine buffers with 147 
different pH and ionic strength values (from 5.5 to 9.5 and from 50 to 300 mM, 148 
respectively). Those buffers were prepared from a 40 mM citrate, 40 mM phosphate, and 149 
40 mM Tris solution as described elsewhere (Abad-Fuentes, Esteve-Turrillas, Agulló, Abad-150 
Somovilla, & Mercader, 2012). Ionic strength and pH values of each buffer were adjusted 151 
using 2 M NaCl and 5 M HCl, respectively. All buffers contained 0.05% (v/v) Tween 20. For 152 
solvent studies, trifloxystrobin standard curves were prepared in PBS containing diverse 153 
amounts of methanol, ethanol, or acetonitrile (from 0.5 to 10% (v/v) solvent contents) 154 
whereas antibody or tracer solutions were set up in PBST. 155 
2.4. Sample treatment and analysis 156 
Strawberries were acquired from the market, and absence of trifloxystrobin was 157 
verified by GC–MS. Trifloxystrobin-sprayed and non-sprayed tomato and cucumber 158 
samples were obtained from nearby farms. Plant treatments were performed with a 159 
nebulizer using a commercial formulation from Bayer CropScience (Flint) prepared at 125 160 
mg L−1 trifloxystrobin in water containing 20% (v/v) alkyl polyglycol ether. Vegetables at 161 
the beginning of ripening (according to the BBCH scale, code 82 for tomatoes and 162 
cucumbers and code 85 for strawberries) were collected before spraying for control and at 163 
days 1, 3, 6, 10, and 15 after pesticide application. Immediately, they were homogenized 164 
with a blender and stored frozen at −20 °C until analysis. Samples were extracted using 165 
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the QuEChERS method (AOAC International official method) (Lehotay, 2007). Briefly, 20 g 166 
of homogenate was mixed with 2 g of sodium acetate and 8 g of anhydrous magnesium 167 
sulfate in 20 mL of acetonitrile containing 1% (v/v) acetic acid under vigorous stirring. The 168 
organic phase was separated by centrifugation at 2200×g during 5 min. Primary/secondary 169 
amine (500 mg) was used to clean, by vortexing, 10 mL of extract in the presence of 1.5 g 170 
of anhydrous magnesium sulfate. After a second centrifugation step, clean extracts were 171 
filtrated through a Teflon filter (0.2 µm) and stored at −20 °C.  172 
QuEChERS extracts containing 500 µg L−1 of triphenylphosphate as internal standard 173 
were employed for GC–MS. Chromatographic determinations were carried out with a 174 
6890N GC apparatus furnished with a 7683 Series autosampler, a HP-5MS (30 m x 0.25 175 
mm x 0.25 µm) capillary column, and a quadrupole 5973N mass detector, all from Agilent 176 
Technologies (Santa Clara, CA, USA). One microliter of clean extract was injected in 177 
splitless mode at 280 °C by employing helium as carrier with a constant flow of 1 mL 178 
min−1. The temperature of the oven (110 °C) was held during 1 min; then, it was increased 179 
at a rate of 15 °C min−1 until 280 °C and kept constant at the final temperature during 15 180 
min. Electron impact ionization at 70 eV was used with the ion source at 225 °C. The 181 
employed quantification ions were m/z 116 and 131 for trifloxystrobin and m/z 325 and 182 
326 for triphenylphosphate. For cELISA determinations, extracts were diluted in PB (100 183 
mM sodium phosphate, pH 7.4) and antibody or tracer solutions were prepared in PBT (PB 184 
containing 0.05% (v/v) Tween 20). A trifloxystrobin standard curve in PB was run in each 185 
plate. Deming regression and Bland–Altman analysis were applied for method validation 186 
using the SigmaPlot software (version 12.0).   187 
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3. Results and discussion 188 
3.2. Antibody specificity 189 
In addition to the bioconjugates and mAbs to trifloxystrobin that were described in the 190 
preceding article, an antibody (mAb TF0#17) previously produced in our lab (J. V. 191 
Mercader, Suarez-Pantaleon, Agullo, Abad-Somovilla, & Abad-Fuentes, 2008), was also 192 
incorporated to this study. The term “type of antibody” refers, in the present paper, to the 193 
immunizing hapten (Fig. S1 of the Supplementary Data File) from which the antibody was 194 
derived. 195 
Antibody selectivity was determined in homologous assays using the i-cELISA format. 196 
As competitors, the main strobilurin fungicides (kresoxim-methyl, azoxystrobin, 197 
picoxystrobin, metominostrobin, and pyraclostrobin) were evaluated. It was observed that 198 
antibodies showed varied CR patterns, and that recognition profiles were determined by 199 
the immunizing hapten. All of the mAbs that had been generated from haptens with the 200 
spacer arm at the methoxyiminoacetate toxophore or at the bridging aromatic ring (TFa-, 201 
TFe-, TFo-type antibodies), i.e. holding the linker at a distal position from the characteristic 202 
aromatic ring of trifloxystrobin (Fig. 1), were highly specific – CR values were lower than 203 
1% for all of the assayed strobilurins. Also, no CR was observed with antibodies derived 204 
from the hapten with the linker at a central position of the molecule (TFc-type antibodies). 205 
Contrarily, most of the antibodies originated from haptens with the spacer arm at the 206 
trifluoromethylphenyl characteristic ring (TFf- and TFt-type antibodies), i.e. at a position 207 
distal from the common moieties of strobilurins (Fig. 1), showed significant CR with one or 208 
more of these agrochemicals. Particularly, kresoxim-methyl – a strobilurin containing the 209 
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same methoxyiminoacetate moiety as trifloxystrobin – was recognized by most of the TFf- 210 
and TFt-type antibodies (CR values were between 0.5% and 10%; see Fig. S2).  211 
Thereafter, the ability of the mAb collection to recognize the main metabolite of 212 
trifloxystrobin (Fig. 1) was studied. As expected, no inhibition was observed with TFa-type 213 
antibodies, whereas the signal was reduced to some extent with TFe- and TFo-type mAbs 214 
– CR values were between 2% and 43% (data not shown). Remarkably, TFt#316 displayed 215 
equivalent affinity for trifloxystrobin and its main metabolite (Fig. S2), which was an 216 
unexpected finding taking into account the linker attachment site in hapten TFt. Finally, 217 
recognition towards other relevant fungicides that are commonly formulated together 218 
with trifloxystrobin, such as pyrimethanil, propiconazole, and tebuconazole, was also 219 
checked, and predictably no inhibition was observed with any of the studied mAbs. 220 
3.3. Immunoreagent selection 221 
The antibody characterization data with homologous and heterologous conjugates 222 
described in the preceding paper were capitalized in order to select several 223 
immunoreagent combinations for further reevaluation, with the aim of making a solid 224 
choice of the best immunoassays. In particular, three immunoreagent combinations were 225 
selected for the d-cELISA format and three combinations for the i-cELISA format, and all of 226 
these assays were repeated along ten days in independent experiments. Table 1 lists the 227 
employed concentrations and the average values of the main analytical parameters from 228 
the obtained inhibition curves. From this study, one immunoassay was selected in each 229 
cELISA format for further development and validation. The chosen direct assay employed 230 
mAb TF0#17 and a heterologous enzyme tracer (HRP–TFc), whereas the selected i-cELISA 231 
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engaged mAb TFt#316 along with the homologous conjugate (OVA–TFf). Both assays 232 
showed IC50 values in the low nanomolar range, the slopes of the standard curves were 233 
moderate, and consumption of immunoreagents was low. Moreover, the two selected 234 
antibodies exhibited appealing alternative selectivity; thus, whereas mAb TF0#17 was 235 
highly specific, mAb TFt#316 displayed equivalent affinity for trifloxystrobin and its main 236 
metabolite. 237 
3.4. Solvent and buffer studies 238 
Tolerance of the selected immunoassays to three organic solvents (methanol, ethanol, 239 
and acetonitrile) that are commonly used for pesticide extraction was evaluated. Standard 240 
curve parameters using PBS containing different solvent concentrations were compared to 241 
the control assay in PBS with no solvent. Both assays tolerated the three studied solvents 242 
at a similar extent (5-10%), even though the d-cELISA based on mAb TF0#17 was 243 
somewhat more robust in this aspect than the indirect assay with antibody TFt#316 (Fig. 244 
S3 of the Supplementary Data File).  245 
The influence of surfactant Tween 20 over the immunochemical reaction of the 246 
selected cELISAs was evaluated using PBST with different additive concentrations (from 247 
0.01 to 0.2%, v/v). In both assays, a slight amount of this detergent (0.01%) increased the 248 
Amax value. However, higher concentrations of Tween 20 had a negative effect over the 249 
Amax of the TFt#316-based i-cELISA, whereas it did not significantly change the 250 
corresponding value of the direct TF0#17-based assay (Fig. S4). On the other hand, it was 251 
observed that the IC50 of both immunoassays increased with the concentration of Tween 252 
20. 253 
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Finally, a biparametric approach was applied for buffer optimization following a 254 
central composite design, consisting of a two-level full factorial design (α = 1.414) with 255 
two factors (pH and ionic strength) and three replicates that included 12 cube, 12 axial, 256 
and 15 center points; that is, 39 randomized assays under 9 different buffer conditions 257 
(Table S1). Amax and IC50 values of the 39 resulting curves were fitted as functions of pH 258 
and ionic strength. Fig. S5 shows the contour plots for the direct assay using mAb TF0#17 259 
and the indirect assay with antibody TFt#316. For the latter assay, lower ionic strength 260 
increased the Amax and IC50 values whereas a moderate influence on assay parameters was 261 
observed upon pH changes. On the contrary, a higher dependency on pH than on ionic 262 
strength was found with the d-cELISA. Accordingly, a buffer with high buffering capacity 263 
would be desirable in order to better stabilize assay conditions, so 100 mM phosphate 264 
was selected instead of PBS for future studies. 265 
Final standard curves and the main analytical parameters of the two optimized cELISAs 266 
are presented in Table 2. Both immunoassays had high Amax values at low concentrations 267 
of immunoreagents, and showed quite similar sensitivities. Additional efforts to improve 268 
IC50 values through decreasing immunoreagent concentrations were unsuccessful because 269 
this simple and common approach, in this particular case, just resulted in lower maximum 270 
signals without a concomitant effect on sensitivity. 271 
3.5. Sample analysis 272 
Cucumber, tomato, and strawberry samples were analyzed with the two competitive 273 
ELISAs. QuEChERS extracts were fortified, adequately diluted in PB, and analyzed in 274 
triplicate wells under the optimized conditions listed in Table 2.  275 
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Trifloxystrobin concentrations were determined using a standard curve run in 276 
triplicate wells in the same plate. Initial determinations showed unexpectedly low 277 
recovery values even from control samples in buffer, so food matrix effects were not 278 
responsible for the observed flawed result. After several tests, we reached the conclusion 279 
that trifloxystrobin adsorbed to the glass tubes that were used in the preparation of 280 
standards and samples. Adsorption of organic compounds of different hydrophobicity to 281 
untreated borosilicate glass surfaces in aqueous systems has been reported by other 282 
authors, and the degree of the sorption phenomenon has been related to the proportion 283 
of cosolvent and to the ratio of solution volume to contact surface area (Muhamad, Ismail, 284 
Sameni, & Mat, 2011; Qian, Posch, & Schmidt, 2011; Song, Hsu, & Au, 1996; Wheelock, 285 
Miller, Miller, Phillips, Gee, Tjeerdema, et al., 2005). A simple, yet illustrative, experiment 286 
of trifloxystrobin adsorption to borosilicate glass tubes is shown in Fig. S6 of the 287 
Supplementary Data File, which showed the dissimilar inhibition curves obtained from two 288 
sets of standards (1 mL or 10 mL each) prepared in tubes of the same capacity (12 mL). 289 
Accordingly, trifloxystrobin standards were further prepared in acetonitrile to decrease 290 
adsorption to the test tubes, and then diluted 50-fold in PBS, paying attention to employ 291 
glass tubes of adequate capacity for the sample volume. Following these simple 292 
precautions, excellent recoveries were obtained with the three samples using the direct 293 
immunoassay, at levels below or around European MRLs (Table 3). Concerning the indirect 294 
assay, slight deviations were observed, particularly with cucumber samples. Thus, the limit 295 
of quantification for the three foodstuffs could be established at 10 µg kg−1 with the direct 296 
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assay, whereas with the i-cELISA the limit of quantification could be set at 30 µg kg−1 for 297 
tomatoes, 50 µg kg−1 for cucumbers, and 10 µg kg−1 for strawberries. 298 
The developed cELISAs were further applied to the analysis of blind fortified extracts of 299 
trifloxystrobin-free strawberries, tomatoes, and cucumbers. Samples were properly 300 
diluted as before, and the immunoanalytical results were compared with those obtained 301 
by GC–MS (Table S2 of the Supplementary Data File). In order to evaluate the equivalency 302 
between methods, the Deming regression model, which takes into account the standard 303 
deviations of both measurements, was applied (Fig. 2). The obtained regression line for 304 
the direct assay (r = 0.990) had a slope of 1.07 (95% confidence interval was from 0.99 to 305 
1.16) and an intercept of −0.018 (95% confidence interval was from −0.033 to −0.003), 306 
indicating a minor underestimation. Regarding the indirect assay, the regression line (r = 307 
0.994) had a slope of 1.07 (95% confidence interval was from 0.99 to 1.16) and an 308 
intercept of 0.009 (95% confidence interval was from −0.009 to 0.026), showing that 309 
results were statistically comparable. Finally, good correlation between immunochemical 310 
and chromatography methods exists as observed by the Bland–Altman plots (Fig. 2) – 311 
values were randomly distributed around the average difference, and they were mainly 312 
inside the limits of agreement (average difference ± 1.96), meaning that only random 313 
deviations exist.  314 
Finally, the suitability of the immunoassays for trifloxystrobin analysis was evaluated 315 
under a real situation. Tomato and cucumber plants were treated with a commercial 316 
formulation of trifloxystrobin following good agricultural practices. Samples were 317 
collected at days 1, 3, 6, 10, and 15 after pesticide application and they were QuEChERS-318 
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extracted and analyzed by GC–MS and cELISAs (Table 4). Trifloxystrobin concentrations 319 
found both in tomato and cucumber samples were lower than their respective MRLs by 320 
the three analytical methods, which confirm that if the fungicide is applied at the 321 
recommended dose and preharvest safety intervals are respected (1 and 3 days for 322 
tomatoes and cucumbers, respectively), trifloxystrobin residues compliant with the 323 
legislation should be expected. 324 
4. Conclusions 325 
Immunoreagents were produced and immunoassays were developed and validated for 326 
trifloxystrobin analysis as part of a general study. In the present article, specificity and 327 
sensitivity of two cELISAs have been reported. One direct immunoassay specific to 328 
trifloxystrobin and one i-cELISA also recognizing the main trifloxystrobin metabolite were 329 
optimized and characterized in terms of solvent tolerance, and pH and ionic strength 330 
dependency. Phosphate 100 mM, pH 7.4 was chosen for optimum assay performance. The 331 
developed immunoassays showed satisfactory analytical parameters for the intended 332 
application – IC50 values were between 0.7 and 1.0 µg L
−1 with curve slopes close to 1.0. 333 
Adsorption of trifloxystrobin to glass ware was observed and minimized by using a 334 
cosolvent and fitting tube capacity to sample volume. Both immunoassays were validated 335 
with fruit and vegetable samples. Recoveries between 85 and 116% were found using 336 
strawberry, tomato, and cucumber samples spiked at levels from 10 to 500 µg kg−1. Also, 337 
comparison of the cELISAs and GC–MS results by Deming regression and Bland–Altman 338 
data analysis showed good agreement between both methods. Finally, analysis of 339 
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vegetables treated in the greenhouse with trifloxystrobin commercial formulations 340 
demonstrated the applicability of the developed immunoassays. 341 
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Figure legends 
Fig. 1. Top: trifloxystrobin; the arrows point out the attachment sites of the C-6 
hydrocarbon spacer arm of haptens. Bottom: main trifloxystrobin metabolite. 
Fig. 2. Comparison of ELISA and GC–MS results from blind-spiked samples using Deming 
regression (left) and Bland–Altman plot (right). 
 
Table 1 
Curve parameters of the selected immunoassays before optimization.a 
Antibody 
[Antibody] 
(µg L−1) Conjugate 
[Conjugate] 
(µg L−1) Amax Slope 
IC50 
(µg L−1) Cross-reactivity 
TF0#17 300 HRP–TFc 30 0.92 ± 0.14 −1.19 ± 0.15 2.08 ± 0.49 Not found 
TFe#38 1000 HRP–TFe 100 1.17 ± 0.18 −0.82 ± 0.14 4.95 ± 0.99 Metabolite (10%) 
TFt#316 300 HRP–TFe 100 1.70 ± 0.35 −1.04 ± 0.16 5.57 ± 0.82 Metabolite (96%) 
        TFe#38 30 OVA–TFo 1000 1.64 ± 0.17 −1.27 ± 0.14 5.87 ± 2.01 Metabolite (10%) 
TFt#211 30 OVA–TFb 1000 1.56 ± 0.12 −1.17 ± 0.14 3.70 ± 0.82 Kresoxim-methyl (9%) 
TFt#316 30 OVA–TFt 100 1.37 ± 0.14 −1.16 ± 0.28 4.33 ± 0.83 Metabolite (96%) 
a n=10. 
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Table 2 
Assay conditions and analytical parameters of the optimized 
immunoassays.a 
 
 cELISA 
Format Direct (●) Indirect (▲) 
mAb TF0#17 (300 g L−1) TFt#316 (30 g L−1) 
Conjugate HRP–TFc (50 g L−1)  OVA–TFt (100 g L−1) 
Amax 1.760  0.228 2.690  0.196 
Amin 0.027  0.008 0.031  0.008 
Slope −0.878  0.034 −1.075  0.028 
IC50 (g L−1) 0.986  0.048 0.668  0.018 
LOD (g L−1) 0.085 0.084 
IC20–IC80 (g L−1) 0.211–4.860 0.178–2.460 
Phosphate buffer 100 mM, pH 7.4 100 mM, pH 7.4 
Tween 20 (%) 0.025 0.010 
Time (h) 1.5 2.5 
CR (%) Negligible Metabolite (100) 
a Values are the mean of 14 independent experiments. 
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Table 3 
Recoveries (%) from trifloxystrobin fortified extracts.a 
 [TF]b (mg kg−1) d-cELISA i-cELISA 
Tomatoc 0.01 106  19 167 ± 38 
 0.03 104  13 109 ± 21 
 0.05 109  14 109 ±  15 
 0.10 96  7 101 ± 10 
 0.30 97  9 94 ± 19 
 0.50 94  12 100 ± 15 
Cucumberd 0.01 108  14 245 ± 38 
 0.03 98  17 153 ± 18 
 0.05 109  19 124 ± 14 
 0.10 112  11 112 ± 10 
 0.30 98  5 109 ± 9 
 0.50 92  17 100 ± 8 
Strawberrye 0.01 86  15 93 ± 4 
 0.03 109  19 104 ± 6 
 0.05 95  3 96 ± 3 
 0.10 92  12 102 ± 5 
 0.30 91  6 98 ± 12 
 0.50 86  10 101 ± 19 
a Values are the mean of four independent experiments. Extracts were 
diluted 1/50. Standard curves were prepared in acetonitrile and diluted like 
the extracts. b Spiked trifloxystrobin concentration. c EU MRL = 0.5  mg kg−1. 
d EU MRL = 0.2  mg kg−1. e EU MRL = 0.5  mg kg−1. 
 
 
 
Table 4 
Trifloxystrobin concentration from in-field treated samples.a 
Sample 
Harvest 
day 
GC–MS 
(mg kg−1) 
d-cELISA 
(mg kg−1) 
i-cELISA 
(mg kg−1) 
Tomato D1 0.116  0.017 0.156 ± 0.016 0.181  0.015 
 D3 0.072  0.011 0.091 ± 0.011 0.116 ± 0.009 
 D6 0.081  0.012 0.098 ± 0.009 0.149 ± 0.027 
 D10 0.119  0.017 0.119 ± 0.013 0.155 ± 0.025 
 D15 0.062  0.009 0.039 ± 0.004 0.073 ± 0.011 
Cucumber D1 0.136  0.020 0.107 ± 0.009 0.176 ± 0.011 
 D3 0.115  0.017 0.091 ± 0.002 0.126 ± 0.008 
 D6 < LOQb 0.031 ± 0.002 0.058 ± 0.008 
 D10 < LOQ < LOQ < LOQ 
 D15 < LOQ < LOQ < LOQ 
a Values are the average of two and three independent determinations for 
GC–MS and cELISA, respectively. b The limit of quantitation of GC–MS was 
0.05 mg kg−1. 
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Fig. S1. Structure of the trifloxystrobin functionalized haptens 
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Fig. S2. Specificity of TFt‐type mAbs towards the main strobilurins and the metabolite of 
trifloxystrobin. Analytes: TF, trifloxystrobin; KM, kresoxim‐methyl; AZ, azoxystrobin; PC, 
picoxystrobin; MT, metominostrobin. Data are shown only for analytes that were 
recognized by at least one antibody. 
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Fig. S3. Solvent tolerance. Influence of different solvent concentrations on the Amax (left‐
hand axis) and IC50 (right‐hand axis) values of the two proposed immunoassays. 
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Fig. S4. Influence of Tween 20 concentration on the Amax (left‐hand axis) and IC50 (right‐
hand axis) values of the two proposed immunoassays. 
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Fig. S5. Influence of pH and ionic strength on the Amax (left‐hand graphs) and IC50 (right‐
hand graphs) values of the two proposed immunoassays. 
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i‐cELISA: TFt#316 vs. OVA–TFt 
 
 
 
 
 
 
 
Table S1 
Composition of the buffers used in the 
immunoassay optimization studies. 
Buffer I (mM) pH Tween 20 (%) 
#1 175.0 5.5 0.025 
#2 86.6 6.1 0.025 
#3 263.4 6.1 0.025 
#4 50.0 7.5 0.025 
#5a 175.0 7.5 0.025 
#6 300.0 7.5 0.025 
#7 86.6 8.9 0.025 
#8 263.4 8.9 0.025 
#9 175.0 9.5 0.025 
a Central point of the composite design. 
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Fig. S6. Adsorption of trifloxystrobin to glass ware. Identical trifloxystrobin standard 
curves were prepared in 12‐mL borosilicate tubes, but in one case 1‐mL individual 
standard solutions were prepared (circles), whereas in the other case 10‐mL individual 
standard solutions were prepared (triangles). Displacement of the red curve to the right is 
indicative of trifloxystrobin adsorption to glass tubes because of the higher surface‐to‐
volume ratio in 1‐mL standards than in 10‐mL standards. 
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Table S2 
Comparison between chromatographic and 
immunochemical methods using trifloxystrobin blind-spiked 
samples.a 
Sample 
GC–MS 
(mg kg−1) 
d-cELISA 
(mg kg−1) 
i-cELISA 
(mg kg−1) 
Tomato #1 0.62  0.09 0.67  0.06 0.61  0.01 
 #2 0.27  0.04 0.26  0.03 0.23  0.05 
 #3 1.89  0.28 2.24  0.30 2.17  0.14 
 #4 0.83  0.12 1.07  0.13 0.97  0.10 
 #5 1.10  0.16 1.29  0.11 1.35  0.10 
 #6 0.40  0.06 0.42  0.05 0.40  0.05 
 #7 1.34  0.20 1.56  0.03 1.55  0.31 
 #8 0.88  0.13 0.98  0.08 0.93  0.15 
Cucumber #1 0.54  0.08 0.53  0.06 0.68  0.02 
 #2 1.92  0.29 2.07  0.16 2.15  0.34 
 #3 0.31  0.05 0.31  0.04 0.34  0.03 
 #4 1.63  0.24 1.68  0.28 1.77  0.39 
 #5 1.04  0.13 1.06  0.25 1.05  0.15 
 #6 1.18  0.18 1.09  0.05 1.16  0.20 
 #7 1.41  0.21 1.25  0.08 1.40  0.25 
 #8 1.24  0.18 1.33  0.12 1.26  0.20 
Strawberry #1 0.38  0.05 0.32  0.03 0.41  0.03 
 #2 0.91  0.13 0.86  0.15 0.93  0.16 
 #3 0.56  0.08 0.51  0.02 0.46  0.03 
 #4 1.08  0.16 1.26  0.21 1.19  0.10 
 #5 0.66  0.09 0.69  0.13 0.70  0.05 
 #6 0.14  0.02 0.06  0.01 0.10  0.02 
 #7 0.94  0.14 1.11  0.19 1.05  0.11 
 #8 1.43  0.21 1.53  0.11 1.72  0.19 
 #9 0.16  0.02 0.10  0.02 0.14  0.03 
 #10 1.71  0.25 1.77  0.03 1.81  0.18 
 #11 1.12  0.16 1.18  0.16 1.09  0.02 
 #12 0.12  0.02 0.12  0.01 0.06  0.01 
 #13 0.29  0.04 0.25  0.05 0.27  0.06 
 #14 0.30  0.04 0.25  0.07 0.28  0.07 
 #15 1.98  0.30 1.96  0.05 2.13  0.01 
 #16 1.65  0.25 1.65  0.13 1.72  0.09 
a Values are the average of two and three independent determinations for 
GC–MS and cELISA, respectively. 
